Abstract: Pyrene dye has many superior characteristics for oxygen sensing studies such as long fluorescence lifetime, high quantum yield, and good sensitivity. It is preferred in some cases over ruthenium dyes for its more lipophilic character and higher sensitivity. However, easy photodegradation of pyrene is a challenging problem. In this study, pyrene dye was for the first time immobilized in an ethyl cellulose matrix and used for oxygen sensing in the form of thin films and electrospun sensing slides. The hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate was used as additive for the first time for dissolved oxygen sensing studies. The oxygen sensitivity of the dye was evaluated with both steady state-and fluorescence lifetime-based measurements. The sensing slides were stable for 45 min under continuous irradiation and could be stored for 100 days under ambient laboratory conditions. This storage time is the longest reported lifetime for pyrene-based sensors. The enhanced stability can be attributed to the presence of ionic liquid, which behaves like a sink for oxidative, reductive, acidic, and/or basic effects. The sensor response time was between 6 and 20 s, depending on the oxygen concentration. The method can be applied for both dissolved and gaseous oxygen measurements.
Introduction
Remote sensing and continuous monitoring of accurate amounts of gaseous and dissolved oxygen is of great significance in industrial, environmental, and biomedical processes.
1 Optical chemical sensors are very advantageous and widely used for sensing of oxygen because of their short response times, ease of fabrication, efficient sensitivity, and low costs. Many of these sensors are based on the oxygen quenching of fluorescence of different organic dyes.
Recently, oxygen sensing has also been utilized for measuring surface pressure distribution in wind tunnel models. 2, 3 The basic principle of pressure sensitive paint is the oxygen quenching of fluorescence. Pyrene dye and its derivatives are extensively used for oxygen sensing purposes because of their long fluorescence lifetimes, high fluorescence quantum yields, and high oxygen sensitivities. 4−13 Some of these studies are solution phase studies, which do not supply a stable environment for sensor applications because of evaporation of the solvent etc. 12, 13 Moreover, pyrene-based dyes usually suffer from instability due to loss of dye not only from the aqueous matrix but also from the solid matrix by evaporation or sublimation. Clark et al. have intensively studied the * Correspondence: ozlem.oter@deu.edu.tr solution medium effects on the photochemical degradation of pyrene in water.
14 Kubat et al. investigated the degradation of pyrene by UV radiation. 15 Hence, some studies were conducted in order to prepare new and stable derivatives of pyrene and/or in order to increase the stability of pyrene by testing different additives or matrix materials. Table 1 contains comparative data regarding the type of sensitive dye, matrix material, sensitivity, dynamic working range, and stability from some recently published literature. Basu et al. synthesized a new pyrene derivative, 1-decyl-4-(1-pyrenyl) butanoate (DPB), and investigated its photophysical properties in toluene and in silicone polymers.
They suggested the new dye as a potential substitute for pyrene in pressure-sensitive paints. 2 
Fujiwara and
Amao fabricated some pyrene derivatives as luminescence probes for oxygen sensing and investigated their oxygen sensing properties. 4, 5, 7, 16 They worked with water soluble derivatives of the pyrene dye; thus their proposed sensor was for only gaseous oxygen sensing. They obtained high sensitivity values; however, the Stern-Volmer plots were not linear in the concentration range of 0.0%-100.0% O 2 (g). 4 Furthermore, they did not report any long-term storage time or any time-resolved fluorescence data for their sensor. Bekiari and Lianos proposed a glass slide dip-coated in a solution of reversed micelles in cyclohexane containing titanium(IV)
tetraisopropoxide. However, they did not report the oxygen sensing and stability characteristics of the slide. 17 Basu and Rajam compared the oxygen sensor performance of some pyrene derivatives in a silicone polymer matrix. They reported the emission-based characteristics of the silicone coatings of pyrene derivatives but they did not investigate the oxygen sensing capability of the silicone-doped pyrene derivatives. 18 Hrdlovi et al. also
have reported the spectral properties of a novel fluorescence probe based on pyrene both in solution and in polymer matrices.
19
In the scope of the recent literature, there is a lack of studies that investigate the stability and O 2 sensing characteristics of pyrene dye in solid matrices. It is well known that the sensing properties of sensors strongly depend on the type and properties of polymer matrices and on their probable modifications. Recently, the fabrication of mesoporous, micro-and nanosized materials for gas sensing is an increasing trend.
20−25
Moreover, as green chemistry reagents, ionic liquids have superior characteristics for the modification of these matrices. 26−32 In our previous studies, we compared the performance of electrospun fibers with conventional thin films as solid matrix materials for optical chemical sensor designs. We observed that the utilization of nanoand microporous structures enhanced the stability and sensitivity of the sensor. 33, 34 In the present study, we fabricated the nanoporous film structures and the microscale porous materials of polymers by electrospinning method for the sensitive detection of gaseous and dissolved oxygen with pyrene dye in a large concentration range. The sensitivity of the dye was evaluated both with steady state and fluorescence lifetime based measurements. This is the first study of oxygen sensing with pyrene in electrospun sensing slides. Additionally, we employed the hydrophobic ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate for the first time as additive of sensor matrix for dissolved oxygen measurements. The ionic liquid enhanced the sensitivity, stability, and robustness of unstable pyrene dye for both dissolved and gaseous oxygen analysis. The storage lifetime of pyrene extended to 100 days when stored under ambient laboratory conditions. This time is the longest reported lifetime for pyrene-based sensors. The hydrophilic ionic liquids were also tested and evaluated for gaseous oxygen sensing purposes. 
Results and discussion

Choice of matrix
Type of matrix material is of great importance in gas sensor designs and affects the characteristics of the sensor such as sensitivity and stability. The modification of the matrix material can overcome some problems such as photodegradation of the indicator dye and/or leaching of the dye from the matrix. Moreover, the employed matrix affects the gas diffusion rate, resulting in different response times and relative signal changes. Some previous investigations have shown that when compared with the polymeric materials, the green chemistry reagents ionic liquids provided better stability for the sensing agent and higher gas adsorption capacity.
33−39
The solubility of oxygen gas in ionic liquids was reported as 10 to 20 times higher than that in aqueous solutions, conventional solvents, and solid polymer matrices.
40 O 2 is found to be one of the most and reversibly soluble among other gases such as methane, ethane, argon, nitrogen, carbon monoxide, and hydrogen in the ionic liquid of 1-butyl-3-methylimidazolium tetrafluoroborate. In our proposed sensor, the ionic liquids not only increased the gas solubility of the matrix but also behaved as an internal buffering system that increased the stability of the pyrene dye even under the ambient air of the laboratory conditions. Ionic liquids are formed of cationic and anionic parts, some of which acted as Lewis and Brønsted acids or bases. Thus, they behave as self-buffering systems in that they resist ionization as a function of changes in pH. 41, 42 Additionally, the presence of ionic liquid in the sensing cocktail facilitated the electrospinning process by increasing the electrical conductivity in the media. The structures of the employed ionic liquids are shown in Figure 1 .
SEM images of the sensing materials
In the present study, we utilized pyrene molecule in the solid matrix of thin films and porous surfaces modified with different ionic liquids. The sensing slides fabricated by the electrospinning technique were characterized with SEM photographs. The cocktails prepared from EC polymer were different from those prepared from polymethyl methacrylate polymer. They resulted in nano-and microporous bulky structures rather than nanofiber forms. The SEM images of electrospun slides of C1-C6 are shown in Figure 2 . While the fluoridebased IL-containing slides of C1, C2, C3, and C5 exhibited a significantly higher porous characteristic, the slides of C6, which did not contain any ionic liquid, exhibited a less porous structure. The average pore diameters of C1, C2, C3, and C5 were in the range of 500 nm to 15 µ m. The higher porous characteristic containing many empty spaces and holes causes higher gas diffusion within the network. In the case of C2, which contained hydrophobic ionic liquid, IL-II, the pores were larger (microscale) and thus the sensing capability of the sensor slides was enhanced. In the case of C1, C3, and C5, which contained hydrophilic ILs, the structure was still highly porous with smaller pore diameters. In the case of C6, which did not contain any ionic liquid, we did not observe a microscale porous structure. The higher porous structure and the surface area observed for C1-C3 is compatible with our sensitivity results. The conditions of the electrospinning process were optimized in terms of cocktail composition, working distance, viscosity, and dye concentration. The other parameters, such as temperature and humidity, were kept constant; however, they could be tuned in order to increase porosity at the film surface and thus sensitivity could be enhanced. 
Steady state fluorescence measurements
We recorded both steady state and lifetime based data of the immobilized pyrene dye for different concentrations of oxygen. The experiments were performed for ethanolic solution forms, thin films, and electrospun sensing slides prepared from cocktails of C1-C6 (see Table 2 ). The emission-based data are given in Table 3 . The 
emission spectra of pyrene in different matrices are also shown in Figure 3 . The pyrene dye exhibited strong fluorescence when excited at 340 nm. The dye showed emission maxima at 370 and 388 nm in ethanolic solution. When doped into ethyl cellulose polymer, both in thin film and in electrospun forms, it exhibited a slightly red shift to 374 and 391 nm and a new peak appeared at 470 nm ( Figure 3 ). The fluorescence at 374 and 391 nm originates from the monomers of pyrene molecule, while the peak at 470 nm is expected to originate from the excimer forms. A pyrene molecule in ground state interacts with a pyrene molecule in excited state in order to form an excimer. This formation of excimer is diffusion-controlled and is due to the high diffusion coefficient of pyrene in the ethyl cellulose matrix. It can be concluded that the fluorescence characteristics of the pyrene molecule are significantly affected by the employed polymer matrix, which gained the superior characteristics of a high Stokes shift for sensor studies. The new peak at 470 nm is also useful for the development of more advantageous sensors working at the visible region of the electromagnetic spectrum. It is also known that the oxygen sensitivity of the emission band of the excimer of pyrene at 470 nm is higher than the sensitivity of the monomer emission band. 2, 18 This is in accordance with our results with higher relative signal changes (RSC) obtained at 470 nm. It is known that some of the room temperature ionic liquids (RTILs) have intrinsic Ö TER and SABANCI ŞAHİN/Turk J Chem fluorescence characteristics. 44 Thus, the possible interference of the RTILs on the emission of pyrene dye was also checked. The results showed that the spectral characteristics of the pyrene dye both at 370 and 470 nm were not affected by the ionic liquid.
Fluorescence lifetime-based measurements
The fluorescence lifetimes of the employed electrospun slides and thin films are shown in Table 3 . It is known that the fluorescence decay follows an exponential decay law, which was given by Istratov and Vyvenko.
45
The fluorescence lifetime is defined as the average time that the molecule spends in the excited state prior to return to the ground state. Hence, for a single exponential decay, the fluorescence intensity in logarithmic scale due to time gives a straight line and the average time a fluorophore remains in the excited state is equal to the lifetime (t = τ ). The average time is not equal to the lifetime in complex multiexponential decays.
The microenvironment of the fluorescent dye also affects the type of decay. Multiexponential decay would be observed in the case of a purity or a heterogeneous matrix. 46 We have found that the decay in the monomeric region of pyrene exhibited similar characteristic in the ethyl cellulose matrix like in the EtOH matrix and is single exponential. This result is in accordance with recently published studies.
18−20,47
The lifetimes for electrospun slides of C1-C6 ranged from 153 to 262 ns in the absence of oxygen. The immobilization of pyrene in solid ethyl cellulose polymer decreased the lifetime value when compared with the lifetime of pyrene in EtOH. This result is in accordance with Wallace and Thomas, who reported that rate constants of pyrene dye in sodium dodecyl sulfate (SDS) are slower than the rate constants of pyrene in water for oxygen quenching studies. 48 It is also known that the increase in the polar characteristic of the solvent decreases the lifetime value of pyrene. This can also be the reason for the lower lifetime values in all ethyl cellulose matrices except that of C2. The cocktails of C1-C5 had different types of ionic liquids, while C6 did not contain any ionic liquid. In the case of C1 and C3, the lifetime values were not affected considerably by the presence of ionic liquid. In the case of C2, which contained IL-II, the lifetime of pyrene dramatically increased when compared with the IL-free matrix (see Table 3 ). This result is evidence of decreased rotational movements of the pyrene molecule in the C2 matrix, which contains the only hydrophobic and most viscous ionic liquid (IL-II). It is known that the oxygen sensing capability of a sensor due to quenching depends on both the permeability and diffusion of oxygen gas and the luminescence lifetime in the absence of oxygen, τ 0 .
18
Luminophores with longer τ 0 lifetimes are known to have higher oxygen sensitivities and thus are preferred for oxygen sensor studies. C2, which contained IL-II, exhibited a high τ 0 value of 262 ns, even higher than in solution phase (220 in EtOH), which shows higher oxygen sensitivity and is advantageous for sensor studies. We investigated the effect of oxygen upon the fluorescence lifetime of pyrene solubilized in ionic liquid free and ionic liquid containing ethyl cellulose matrices. The dynamic quenching depends on the viscosity of the solvent and the size of the reactants due to the rate of diffusion controlled mechanism between the reactants. 49 We obtained the highest quenching rate constant value kq = 7.48 × 10 
Oxygen sensing studies
The fluorescence intensities of the electrospun slides and thin films at 391 nm and 470 nm were recorded for different oxygen gas concentrations. The fluorescence intensities decreased with the increasing quencher concentrations. The relative signal changes and sensitivities (I 0 /I 100 values) of pyrene dye in different forms are compared in Table 4 . The fluorescence quenching of pyrene dye by different concentrations of oxygen in electrospun forms of C2 is also given in Figure 4 . The fluorescence of pyrene dye is quenched by triplet oxygen in its excited state via collisions. This type of quenching causes a nonradiative energy transfer and is known as dynamic fluorescence quenching. The amplitude of the dynamic quenching depends on the concentration, temperature, and pressure and the matrix material of the sensing material due to the variations in the frequency of collisions. If the quenching of fluorescence is purely dynamic, both the fluorescence intensity and the fluorescence lifetime are affected by the concentration of O 2 . The relation between the oxygen concentration and the fluorescence lifetimes and intensities are defined by the following Stern-Volmer equation:
where I 0 and I are the fluorescence intensities and τ 0 and τ are the fluorescence lifetimes in the absence and presence of oxygen, respectively. K SV is the Stern-Volmer constant and kq is the quenching constant, which is related to the diffusion ability of oxygen through the matrix. When the ratio of I 0 /I or τ 0 / τ versus [O 2 ] was plotted, a straight line with an intercept at 1 was obtained for ideal and homogeneous environments. The K SV value, which is the measure of sensor sensitivity, can be obtained from the slope of the line. If there are heterogeneous sites containing the luminophore in the solid matrix, then the Stern-Volmer plot is not linear.
Most optical oxygen sensors have such unfavorable nonlinear Stern-Volmer plots. In this study, both IL-free and IL-doped matrices exhibited linear Stern-Volmer plots with regression coefficients mostly more than R 2 > 0.99 in a wide oxygen concentration range between 0.0% and 100.0%.
46,50
We calculated the Stern-Volmer constants and quenching constants based on the fluorescence intensity and fluorescence lifetimes for all matrices ( Table 4 ). The Stern-Volmer constant of the ionic liquid containing sensing slides was enhanced in the range of 6-14 times with respect to the ionic liquid free ones. This is not a surprising result for us as we had expected an enhancement in the diffusion of oxygen gas through the ionic liquid modified matrices as ionic liquids are known for their high gas solubilities, especially for CO 2 and O 2 gases. The ratio I 0 /I 100 is also representative of the sensitivity of a sensor, where a higher value means higher sensitivity. We give both the I 0 /I 100 values of the monomer and excimer emissions of pyrene at 390 and 470 nm, respectively, in Table 4 . As we see from this table, the oxygen sensitivity of the emission band of the excimer of pyrene at 470 nm is higher than the sensitivity of the monomer emission band as we obtained higher relative signal changes at 470 nm.
Effect of type of ionic liquid on sensing properties
We used five different imidazolium-based ionic liquids in cocktail compounds. The anionic parts of ionic liquids were BF − 4 , PF − 6 , and CN − . The cocktails C1-C5 contain different types of ionic liquids, while C6 is IL-free.
After exposure to O 2 , relative signal changes extending from 48% (C5 electrospun) to 62% (C1 electrospun)
were obtained for monomer quenching at 390 nm (see Table 4 ) . We obtained the best K SV values for the cocktails of C1-C3, which contained ionic liquids with anionic fluoride groups. This result shows that the anionic groups containing fluoride such as BF Under oxygen atmosphere the I 390 nm/I 470 nm value enhanced more dramatically from 2.98 up to 6.85, which indicates that in the presence of oxygen the excimer emission dramatically decreases for ionic liquid-containing sensing slides. This resulted in a higher sensitivity to oxygen at 470 nm. The oxygen sensitivity extended to 65% for all cocktail types at 470 nm with respect to 390 nm. However, the fluorescence intensity at 470 nm attributed to excimer emission was smaller than that of monomer emission. Moreover, the sensitivity to oxygen (I 0 /I 100 value) at 470 nm was not significantly affected by the presence of ionic liquid or ionic liquid type. Figure 5 shows a comparison of gathered Stern-Volmer plots of the C2 and C3 in electrospun and thin film forms after exposure to various concentration of O 2 from 0.0% to 100.0%. It is observed that all Stern-Volmer plots exhibited good linear relationships with increasing oxygen concentrations. The calculated Stern-Volmer constants (K SV ) are shown in Table 3 . According to the data, the K sv values of electrospun and thin film forms of C1 and C2 are very close to each other, while the K sv value of the electrospun slides obtained from C3 is approximately 2.2-fold higher than the K sv value of C3 thin film. 
Sensing properties of electrospun slides and thin films
Response to dissolved oxygen
Mixtures of N 2 and O 2 gases with different compositions in the range of 0.0-100.0% (v/v) O 2 were prepared to obtain oxygenated-water solutions. The sensing films and electrospun slides prepared from C1, C3, C4, and C5 had the problem of leaching in aqueous media and were only employed for gas sensing purposes. It is known that leaching is a significant problem in optical sensor designs and most of the oxygen sensors work for gaseous oxygen measurements. However, the use of hydrophobic IL-II in the sensor composition not only enhanced the sensor response for gaseous oxygen but also gave us the opportunity to use our sensing slides for dissolved oxygen measurements in aqueous media without any leaching problem. Leaching was checked many times by measuring the probable fluorescence signal changes after leaving the slides for at least 30 min in water before the experiments. Figure 6 shows the response of sensor films prepared from C2 towards various concentrations of dissolved oxygen in water. The I 0 / I 100 value of the thin film form of C2 was 2.22, where 
Response and regeneration times
Response and regeneration times were measured for electrospun and thin film forms of C2 and C3. Figure  7 illustrates the kinetic response of electrospun slides prepared from C2 after exposure to different O 2 con-centrations. Response time is defined as the time passed to reach 90.0% of its original signal intensity (τ 90 ) when the gas is changed. The response time of electrospun slides prepared from C2 was in the range of 6-20 s. Regeneration time was 7 s depending on the oxygen concentration. After six replicate measurements with 100.0% N 2 and O 2 gases, the standard deviation of upper and lower signal levels was found to be 600.2 ± 8.2 and 242.3 ± 0.8 (n = 7), respectively. The response time of electrospun C3 slides was in the range of 7-28 s, depending on the oxygen concentration. After seven replicate measurements with 100.0% N 2 and O 2 gases, the standard deviation of upper and lower signal levels was found to be 362.5 ± 1.6 and 150.2 ± 0.4, respectively.
The response time for C2 film was longer and was found to be in the range of 9 and 26 s. The regeneration time of C2 film was 23 s. The response time for C3 was in the range of 5-16 s. The regeneration time of C3 film was 16 s. The response times for oxygen sensing of electrospun slides prepared from C2 and C3 were shorter when compared with their thin film forms. All of the films and slides could be totally regenerated in less than 8 s after exposure to 100.0% and 0.0% O 2 (g) for 7 replicate measurements.
Kinetic response studies showed that the ionic liquid-doped electrospun slides and films could be easily regenerated many times. They exhibited stable and reproducible oxygen sensing properties.
The applicability of the sensing system for real samples was tested with the ambient air atmosphere of the laboratory (21.0% O 2 (g)). The resulting concentrations of the oxygen gas measured with the sensing film and fiber prepared from C2 was 21.7 ± 0.4% and 20.9 ± 0.4% O 2 (g), respectively. These results reveal the capability of the proposed sensing design for the determination of oxygen gas in real samples without considerable error. The selectivity of the sensor was also checked with CO 2 gas, which is one of the most abundant gases after O 2 in the air atmosphere, and no cross-sensitivity was observed.
Short-term sensor stability
Pyrene dye has many advantages as a luminophore for the design of oxygen sensors because of its high quantum yield value, good sensitivity for pressure, and low coefficient of temperature. 6, 7 However, photodegradation of PAHs in solutions is a well-known problem; it is an oxidative process accelerated by the presence of photoinitiators. 7 The photodegradation process is also affected by temperature, light intensity, and amount of dissolved oxygen. 8 This is an important problem for the application of pyrene in optical sensing designs. Thus, we checked the short-term stability of the sensing slides prepared from C2 by exposure of continuous radiation at 390 nm and 470 nm under air atmosphere (21.0% O 2 ) (Figure 8 ). The pyrene dye did not exhibit any photodegradation during the experiment time (for 45 min) after continuous irradiation. This result indicates that pyrene dye immobilized in solid ethyl cellulose matrix (C2 composition) was stable against irradiation. The mechanism of pyrene degradation under UV radiation was proposed in the literature as both an energy transfer from the pyrene to the singlet oxygen and an electron transfer from the excited singlet state of pyrene to molecular oxygen. 55, 56 Clark et al. have reported that the photolysis of pyrene is substantially faster in the presence of oxygen and also requires water. 57 The immobilization of pyrene in a polymer matrix both in the presence and in the absence of ionic liquid supplied a hyrophobic matrix for the dye and enhanced the short-term photostability under continuous irradiation. Figure 9 illustrates the stability of the sensing films prepared from C2, which were stored at room temperature in a closed box in laboratory conditions. The equations of the calibration plots obtained from C2 were y = 0.0131x + 1 and y = 0.0141x + 1, at the beginning and after 100 days, respectively. No significant change in the fluorescence lifetimes, intensities, or slopes of the calibration plots of the electrospun slides was observed after 100 days for the IL-II containing cocktails. The composition of C3 had lost its original fluorescence intensity by 29.0% but still had efficient luminescence for O 2 measurements. The slope of the calibration plots obtained from C3 also did not exhibit a significant change after 100 days. This was a gratifying result as the pyrene molecule is well known for its low photostability characteristics. The storage lifetime measured in this work is the longest reported lifetime for pyrene-based sensors. This can be attributed to the presence of hydrophobic IL-II, which protects the sensor from acid-base and/or oxidative-reductive attacks. 58 This evaporation will be slower in a solid polymer matrix when compared with the solution phase. The presence of ionic liquid in the ethyl cellulose matrix additionally enhanced the long-term stability of the dye. Room temperature ionic liquid was expected to fill the free volumes of the porous polymer film and prevent the diffusion and the evaporation of the dye from the film surface. Moreover, for both gaseous and dissolved oxygen sensing studies, the buffer characteristic of ionic liquid acted as a sink for the attacks of oxidative/reductive and acid/base compounds, leading to an enhancement in the long-term stability of the pyrene dye in the sensor matrix. The short-term photostability of the dye was also enhanced in the ionic liquid-modified solid matrix and no photobleaching was observed after continuous irradiation for 45 min. The sensors presented here exhibited a fast, linear, and reversible response to oxygen in a wide concentration range of 0.0%-100.0% O 2 (g). in our previous studies. The method can be applied for both dissolved and gaseous oxygen measurements. The presence of ionic liquids also facilitated the electrospinning process, providing electrical conductivity within the matrix. The electrospun slides offered larger and porous surfaces with respect to continuous thin films, which resulted in increased sensitivity.
Long-term sensor stability
Experimental
Materials
The pyrene dye was supplied by Sigma Aldrich. (Figure 1 ). Oxygen and nitrogen gases were of 99.9% purity and obtained from the Erma Company,İzmir, Turkey.
Instrumentation
Steady state and time resolved fluorescence measurements
A Varian Cary Eclipse spectrofluorometer with the light source of a xenon flash lamp was used for steady state fluorescence measurements.
The Time Correlated Single Photon Counting (TCSPC) system from Edinburgh Instruments (UK) of FLS920 was used for fluorescence lifetime measurements. The excitation was performed with a 367.8 nm pulsed laser source with a pulse width of 790.4 ps. The emission data were collected at 390 nm. The lifetime data were collected by using reconvolution with a weighted, nonlinear least-squares method. In all of the experiments, the chi-square values (χ 2 ) were less than 1.2 and the residuals trace symmetrically distributed around the zero axes.
Electrospinning device
A programmable syringe pump (Top Syringe Pump Top-5300) and a high voltage power supply (Gamma High Voltage ES30) were used for electrospinning. The surface morphology of the electrospun slides was studied using a scanning electron microscope (SEM) (6060-JEOL JSM).
Gas sensing studies
The O 2 and N 2 gases were mixed in a Sonimix 7000A gas blending system in order to obtain different oxygen concentrations in the range of 0.0%-100.0%. The output flow rate of the gas mixture was fixed at 498 mL min −1 . Gas mixtures were employed on the sensing slides via a diffuser needle under ambient conditions for 1 min and then the spectral data were recorded. For the dissolved oxygen sensing measurements, the nitrogen and oxygen gases at different concentrations (0.0%, 0.5%, 1.0%, 2.0%, 5.0%, 10.0%, 20.0%, 40.0%, 60.0%, and 100.0% O 2 ) were flowed into ultrapure water for 10 min. The spectra were recorded after closing the gas flow in order to prevent bubbles in the cuvette.
Preparation of electrospun sensing slides
Several sensing slides were prepared from different cocktail compositions. The compositions of the cocktails are shown in Table 2 . Briefly, the cocktails C1-C5 were prepared to contain IL-I-IL-V, respectively, while C6 did not contain any ionic liquid. The homogeneous cocktail solutions were later placed in a 10-mL plastic syringe for the electrospinning process. The syringe had a metallic needle of 0.4 mm inner diameter. The electrode of the high voltage power supply was clamped to the needle tip. The applied voltage was 25 kV, the feed rate of the cocktail solution was 2.0 mL/h, and the tip-to-collector distance was 10 cm. The full device was in a dust-free closed glass cabin at 20.0 • C. After starting the high voltage, the electrical forces acted in opposition to overcome the surface tension of the fluid. Approximately 10 min later, a stream of polymer jet began. The solvent was evaporated and the polymer was coated on the clean aluminum foil, forming a porous structure.
Preparation of thin films
The thin films were also prepared with the same compositions of cocktails that were used for the construction of electrospun slides. The homogeneous cocktails were spread onto a 125-µ m Mylar type polyester support by the knife coating technique. Immediately after the coating process, the films were taken into a THF saturated desiccator for drying. Thicknesses of the films were found to be 5.43 ± 0.13 µ m (n = 8) (Tencor Alpha Step 500 Prophylometer). Each sensing film was prepared to be 1.2 cm in diameter and was fixed diagonally in the cuvette for the spectral measurement.
